and antagonist of AMPK, AMPK subunit-specific antibodies and lentiviral shRNAs for AMPKα1 and AMPKα2 to delineate the role of AMPK in EE-induced cholestasis and potential cellular mechanisms. We found that EE-induced phosphorylation of AMPKα1 via extracellular signal-regulated kinases-LKB1-mediated signaling pathways and subsequent nuclear translocation accounted for the down-regulation of FXR and bile acid transporters and disruption of bile acid homeostasis. Inhibition of AMPK activation using an AMPK antagonist Compound C (2 µM) or down-regulation of AMPKα1 using gene-specific shRNA attenuated EE-induced cholestasis both in in vitro and in in vivo. In conclusion, these results revealed that activation of cAMP-ERK-LKB1-AMPKα1 signaling pathway plays a critical role in EE-mediated dysregulation of the expression of FXR and bile acid transporters. AMPKα1 may represent an important therapeutic target for estrogeninduced cholestasis. Abstract Estrogen-induced cholestasis occurs in many women who are susceptible due to pregnancy or hormone replacement therapy for postmenopausal syndrome. 17α-Ethinylestradiol (EE), as a synthetic estrogen, has been widely used to study the underlying mechanisms of estrogeninduced cholestasis. Recent studies have also reported that liver kinase B1 (LKB1)-mediated activation of AMP-activated protein kinase (AMPK) plays a critical role in the regulation of canalicular network formation. However, the role of AMPK in EE-induced cholestasis remains to be determined. In this study, the effects of EE (1-100 µM) on AMPK activation and the expression of farnesoid X receptor (FXR) and hepatic bile acid transporters were examined in in vitro using 3D-cultured rat primary hepatocytes and in in vivo using rat cholestasis models. We also used specific chemical agonist
Keywords AMPKα1 · FXR · Bile acid transporters · Estrogen · Cholestasis

Abbreviations
ICP
Electronic supplementary material
The online version of this article (doi:10.1007/s00204-016-1697-8) contains supplementary material, which is available to authorized users.
Introduction
Estrogen is a potent promoter in the pathogenesis of intrahepatic cholestasis (Abu-Hayyeh et al. 2013) . Estrogeninduced cholestasis represents one of the most common liver diseases in women who are pregnant, undergoing hormone replacement therapy or taking oral contraceptives. The therapeutic agents for treating estrogen-induced cholestatic liver injury are limited due to lack of understanding of disease pathogenesis and progression (Williamson and Geenes 2014) . 17α-Ethinylestradiol (EE) is a synthetic estrogen derivative and has been widely used in many oral contraceptives and hormone replacement therapy. Clinical studies have shown that EE significantly reduced the clearance of sulfobromophthalein and increased serum bile acid levels (Barth et al. 2003; Segovia and Oberhauser 1981) .
In experimental animals, EE reduced the bile flow and impaired tight junction integrity (Rahner et al. 1996) . It also has been reported that EE markedly increased expression of multidrug resistance-associated protein 3 (Mrp3) and reduced expression of Mrp2, bile salt export pump (Bsep) and Na + -dependent taurocholate cotransporter (Ntcp) in hepatocytes (Henriquez-Hernandez et al. 2007; Ruiz et al. 2013 ). However, the major cellular mechanisms and signaling pathways involved in EE-induced cholestasis remain to be fully identified.
Bile acid homeostasis is tightly controlled by a group of nuclear receptors (NRs), such as farnesoid X receptor α (FXR), peroxisome proliferator-activated receptors (PPARs) and pregnane X receptor (PXR). Dysregulation of the expression and activation of NRs has been associated with the pathogenesis and progression of cholestasis. FXR, the first NR identified as a bile acid receptor, plays an important role in regulating the synthesis and transport of bile acids via the activation of the small heterodimer partner (SHP) (Li and Chiang 2013) . The expression or transcriptional activity of FXR was repressed in more than 90 % of patients with cholestasis (Van Mil et al. 2007) , which was consistent with findings in EE-induced cholestasis animal models. Furthermore, FXR agonist GW4064 has been demonstrated to have a protective effect against cholestasis in rat models (Liu et al. 2003) .
AMP-activated protein kinase (AMPK), which consists of three heterogeneous subunits (α, β and γ), is a master regulator of energy metabolism (Hardie and Ashford 2014) . Several recent studies indicate that AMPK also plays a role in regulating the canalicular polarization in epithelial cells (Lien et al. 2014; Zhang et al. 2006) . A recent study reported that taurocholate (TCA)-induced activation of the cAMP-Epac-MEK-LKB1-AMPK signaling pathway plays a critical role in stimulating canalicular network formation in normal hepatocyte development (Fu et al. 2011 ). Yet, under cholestatic conditions, activation of AMPK induced phosphorylation of FXR, inhibited FXR transcriptional activity and subsequently down-regulated the expression of FXR-targeted genes in hepatocytes (Lien et al. 2014) . However, the role of AMPK in EE-induced cholestasis has not been identified.
In the current study, we explored the role of AMPK in regulating bile acid homeostasis in EE-induced cholestasis. Our findings indicated that EE-induced activation and nuclear translocation of AMPKα1 via the cAMP-ERK1/2-LKB1 signaling pathway contributed to EE-mediated inhibition of FXR and bile acid receptors by down-regulating their expression. AMPKα1 represents a key player in EEinduced cholestasis.
Methods and materials
Detailed materials and general methods used in this study are provided in the Electronic Supplementary Materials.
Animal studies
Male Sprague-Dawley (SD) rats (male, 200-250 g) were purchased from Vital River Laboratory Animal Technology Co. Ltd (Beijing, China) and housed in a temperaturecontrolled room (22 ± 2 °C) with a humidity of 40 ± 10 % and 12-h light/12-h dark cycle. Rats were fed ad libitum, with free access to water. Rats (n = 6/group) were randomly divided into three groups: (1) control; (2) EE (10 mg/kg); (3) EE (10 mg/kg) + CC (10 mg/kg). Rats were intraperitoneally injected with CC (Group 3) or the same volume of vehicle solution (Groups 1 and 2) for 1 h, followed by subcutaneous injection with vehicle control solution (80 % propylene glycol in saline) or EE. After 24 h, rats were killed. Blood and liver tissues were harvested for analysis. For the bile flow studies, animals were under anesthesia by intraperitoneal injection with urethane and maintained in monitored temperature at 37 °C. During the bile accumulation experiment, the bile duct was cannulated with a polyethylene tube, stabilized for 10 min and collected into pre-tared tubes for 2 h.
All experiments and procedures involving rats were approved by the Institutional Animal Care and Use Committee of China Pharmaceutical University and were conducted in accord with all applicable regulations.
Isolation and sandwich culture of rat primary hepatocyte
Rat primary hepatocytes were isolated by a twostep collagenase perfusion method and cultured in a collagen-sandwich configuration as reported previously (Liu et al. 1999) .
Quantitative RT-PCR
Total RNA was isolated, and quantitative real-time RT-PCR (qPCR) was performed as described previously (Wu et al. 2010) . All primers used were listed in Online Resource list 1.
Western blot analysis
Western blot analysis of total, nuclear or cytosolic proteins from rat primary hepatocytes or rat livers was carried out as described previously (Wu et al. 2010) .
Lentiviral shRNA for AMPKα1 and AMPKα2, and lentiviral overexpression for FXR
The lentiviral vectors containing the stem-loop sequences of short hairpin RNA (shRNA) specifically targeting rat AMPKα1, AMPKα2 or lentiviral vectors containing fulllength cDNA of rat FXR for overexpression were designed and produced by Genepharma (Shanghai, China). Rat primary hepatocytes were exposed to lentiviruses at a multiplicity of infection (MOI) of 20 for 30 h with 8 μg/mL polybrene. After 30 h transduction, hepatocytes were treated for further experiments.
Statistical analysis
All of the experiments were repeated at least three times, and the results are expressed as mean ± SE. One-way ANOVA was employed to compare the differences between multiple groups by GraphPad Prism 5. P values of ≤0.05 were considered statistically significant.
Results
EE activates AMPK via ERK-LKB1 pathway in rat primary hepatocytes
Recent studies suggested a controversial role of AMPK in regulating canalicular formation and hepatic transporter expression under different physiological and pathological conditions (Fu et al. 2011; Lien et al. 2014) . Activation of AMPK via the cAMP-ERK-LKB1 pathway is critical to bile acid-induced hepatocyte polarization under normal physiological conditions. However, under cholestatic conditions, activation of AMPK inhibits the transcriptional activity of FXR (Lien et al. 2014) . It has been documented that administration of high-dose estrogen induces intrahepatic cholestasis (Crocenzi et al. 2001) . To investigate the effect of AMPK on EE-induced cholestasis, the in vitro sandwich-cultured primary rat hepatocytes, which are capable of forming the bile canalicular network, were used.
First, we examined whether EE had any effect on AMPK activation in hepatocytes. The sandwich-cultured primary rat hepatocytes were treated with 10 μM of EE for different time periods (0, 0.5, 1, 2, 8, or 24 h) or different concentrations of EE (0, 1, 10, 100 μM) for 2 h. The protein levels of phosphorylated AMPK (p-AMPK), total AMPK (T-AMPK), phosphorylated acetyl coenzyme carboxylase (p-ACC, the major target gene of AMPK) and total ACC (T-ACC) were determined by Western blot analysis. As shown in Fig. 1a , b, EE significantly induced activation of AMPK after 1 h treatment and peaked at 2 h. The p-ACC level was also markedly increased by EE at 8 h. EE-induced phosphorylation of AMPK and ACC was also dose-dependent ( Fig. 1c, d ). To further identify the upstream signaling pathway involved in EE-induced activation of AMPK, we examined the effect of EE on ERK1/2 activation. As shown in Online Resource Fig. 1a , b, EE rapidly and dose-dependently induced ERK1/2 activation with the highest induction at 1 h. EE-induced AMPK activation was completely blocked by U0126 (10 µM), a chemical inhibitor of ERK1/2 (Fig. 1e, f) . Previous studies have shown that increased intracellular cAMP levels and LKB1-activation were closely linked to ERK-induced AMPK activation (Homolya et al. 2014) . We further examined whether EE had any effect on intracellular cAMP production and LKB1 activation in hepatocytes. As shown in Online Resource Fig. 1c -e, EE not only dose-dependently increased intracellular cAMP levels, but also rapidly and dose-dependently induced LKB1 activation.
It has been reported that cAMP-induced activation of PKA is involved in regulation of canalicular trafficking in hepatocytes (Homolya et al. 2014 ). In addition, estrogen receptor (ER)β-mediated activation of Ca 2+ -/Calmodulin-dependent protein kinase kinase β (CaMKKβ) also activated AMPK in human endothelial cells (Yang and Wang 2015) . In order to determine whether PKA and CaMKKβ are also involved in EE-induced AMPK activation in hepatocytes, specific chemical inhibitors of CaMKKβ and PKA, STO-609 and H89 were used. As shown in Online Resource Fig. 2a , STO-609 had no effect on AMPK activation. Although EE induced activation of PKA, which was effectively blocked by H89, H89 could not block EE-induced AMPK activation (Online Resource  Fig. 2b, c) . AMPK is an intracellular energy sensor that is primarily regulated by intracellular AMP, as well as ADP (Gowans and Hardie 2014) . However, in rat primary hepatocytes, EE had no effect on intracellular ADP/ATP ratio (Online Resource Fig. 2d ). These results indicated that ERK1/2-LKB1 signaling pathways, but not PKA, CaMKKβ and ADP, play a critical role in EE-induced AMPK activation.
In addition, we examined the effect of EE on cell viability and hepatic functional enzymes. EE had no significant effect on cell viability and the enzyme activities of AST, ALT and LDH up to 100 μM (Online Resource Fig. 3a, b) . However, the ALP activity and total cellular bile acid levels were dose-dependently increased after 24 h treatment, indicating the development of cholestasis (Online Resource  Fig. 3c, d) . Furthermore, the mRNA and protein levels of bile acid transporters, Bsep, Mrp2, Ntcp and Oatp2 were significantly suppressed by EE in a dose-dependent manner (Online Resource Fig. 4) .
Activation of AMPK is critical for EE-induced cholestasis in rat primary hepatocytes
To further define the role of AMPK activation in EE-induced cholestasis, we first examined whether inhibition of AMPK activation using a chemical inhibitor of AMPK, Compound C (CC), had any effect on EE-induced cholestasis. As shown in Fig. 2a-c , pretreatment of rat primary hepatocytes with CC (2 μM) for 1 h not only inhibited EE-induced AMPK activation, but also completely attenuated EE-induced downregulation of Bsep, Mrp2 and Oatp2, but not Ntcp. We further examined whether activation of AMPK with AICAR, an analog of AMP, had a similar effect to EE on bile acid transporters. In agreement with our hypothesis, AICAR markedly for 2 h. e Cells were pretreated with ERK1/2 inhibitor U0126 (10 μM) for 1 h and then treated with EE (10 μM) for 1 h (e) or 2 h (f). Representative Western blot and densitometry of phosphorylated AMPK, total AMPK, p-ACC, T-ACC, p-ERK1/2 and T-ERK1/2. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group activated AMPK at concentrations of 1 and 2 mM, which was accompanied by the suppression of mRNA expression of hepatic bile acid transporters (Fig. 2d-f ). These results indicated AMPK activation is responsible for EE-induced suppression of hepatocyte bile acid transporters.
EE suppresses FXR via AMPK activation in rat primary hepatocytes
FXR is one of the most important NRs involved in the regulation of bile acid homeostasis in the liver. Suppression of FXR expression or inhibition of FXR activation contributes to estrogen-induced cholestasis (Abu-Hayyeh et al. 2013; Gonzalez-Sanchez et al. 2015) . In order to identify the molecular mechanism by which EE-induced AMPK activation promotes cholestasis, we examined the effect of EE-induced activation of AMPK on FXR expression in rat primary hepatocytes. As shown in Fig. 3a , b, EE doesdependently inhibited FXR expression at both mRNA and protein levels. Similar results were obtained with AICAR (Fig. 3c, d) . Furthermore, EE-induced suppression of FXR expression was attenuated by inhibition of AMPK activation with CC (Fig. 3e, f) . Since EE-induced ERK1/2 activation is required for AMPK activation, we further examined whether inhibition of ERK1/2 activation had any effect on FXR expression. As shown in Online Resource Fig. 5 , EE-induced suppression of FXR expression was also blocked by U0126.
Based on the observations that EE induced the suppression of FXR, we investigated whether the activation of FXR could protect hepatocytes from EE-induced cholestatic injury. Notably, a synthetic FXR agonist, GW4064 (10 μM), significantly inhibited EE-induced down-regulation of Bsep, Mrp2, and Oatp2, but not Ntcp (Fig. 4a) . Furthermore, overexpression of FXR using lentivirus expression system Fig. 2 Role of AMPK activation in EE-induced hepatocyte cholestasis. Rat primary hepatocytes were pretreated with an AMPK inhibitor, Compound C (CC, 2 μM), for 1 h and then treated with EE (10 μM) for 2 h or 24 h, or treated with AICAR (0-2 μM) for 2 or 24 h. a, b, d, e Representative immunoblots against p-AMPK and T-AMPK are shown. c, f The relative mRNA levels were determined by real-time RT-PCR and normalized using GAPDH as an internal control. ***P < 0.001 versus control group.
### P < 0.001 versus EE group significantly reversed EE-induced down-regulation of Bsep, Mrp2 and Oatp2, but not Ntcp (Fig. 4b, c) . These findings indicated that EE impairs bile acid homeostasis via activation of the ERK1/2-LKB1-AMPK signaling pathway, which further suppresses FXR expression in hepatocytes.
Previous studies have shown that EE activated intracellular adenylyl cyclase (AC) via G protein-coupled receptor, GRP30, in human breast cancer cells (Pang et al. 2008 ). G15, a specific antagonist of GRP30, also significantly inhibited EE-induced AMPK activation, but only partially reversed EE-induced inhibition of FXR and bile acid transporters in rat primary hepatocytes (Online Resource Fig. 6 ). Similarly, the nuclear estrogen receptor (ER) antagonist ICI182,780 also partially prevented EE-induced down-regulation of bile acid transporters, but had no effect on EE-induced AMPK activation and FXR suppression (Online Resource Fig. 7 ).
EE-induced AMPK activation contributes to cholestasis in rat models
EE-induced cholestatic rat model has been widely used to study the cellular/molecular mechanisms of estrogeninduced cholestasis (Henriquez-Hernandez et al. 2007 ). In order to determine whether our findings in rat primary hepatocytes could be translated into in vivo animal models, EE-induced rat models were used. Adult SD rats (male) were subcutaneously injected with EE at a dose of 10 mg/ kg for 1 or 5 days. Total serum bile acid levels (TBA), liver Fig. 3 Effect of EE-induced AMPK activation on FXR expression in rat primary hepatocytes. a, b Rat primary hepatocytes were treated with EE (0-100 μM) for 24 h. c, d Cells were treated with AICAR (0-2 mM) for 24 h. e, f Cells were pretreated with CC (2 μM) for 1 h and then treated with EE (10 μM) for 2 h. a, c, e The relative mRNA levels of FXR were normalized using GAPDH as an internal control. b, d, f Representative immunoblots against FXR and β-actin are shown. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group.
# P < 0.05, ## P < 0.01 versus EE group functional enzyme activities (ALP, AST and ALT) and mRNA levels of hepatic transporters were measured. The results indicated that EE induced significant cholestasis even after treatment for 1 day (Data not shown). The TBA levels in the liver and serum as well as serum ALP levels were similar after 1-or 5-day treatment of EE. Therefore, a 1-day EE-treated rat model was used in the following studies. To further verify the role of AMPK activation in EE-induced cholestasis in in vivo, SD rats were intraperitoneally injected (ip) with the AMPK inhibitor CC (10 mg/ kg) for 1 h before subcutaneous administration of EE. After 24 h, the animals were killed. As shown in Fig. 5a and Online Resource Fig. 8a , the serum ALP activity and TBA levels in serum and liver were significantly increased by EE treatment. Similarly, EE significantly decreased bile acid flow accompanied with remarkably decreased levels of bile acid output (Fig. 5b) and phospholipid in bile (Online Resource Fig. 8b ). These effects were markedly diminished by CC treatment. Western blot analysis further indicated that CC significantly inhibited the EE-induced phosphorylation of AMPK and the suppression of FXR expression ( Fig. 5c and Online Resource Fig. 8c ). Similar to our findings in rat primary hepatocytes, CC also inhibited EE-induced suppression of FXR and bile acid transporters at the mRNA levels (Fig. 5d) . To investigate the effect of CC on the EE-induced impairment of bile acid transporters in in vivo, we analyzed frozen liver sections by immunofluorescent staining for Bsep and Mrp2. As shown in Fig. 5e and Online Resource Fig. 8d , EE markedly reduced protein expression of Bsep and Mrp2 as well as the canalicular localization of these two proteins, indicating the impairment of bile acid transporters, which was alleviated by CC. However, in rats only treated with CC, the expression and canalicular localization of Bsep and Mrp2 were similar to those in control animals (data not shown). In addition, EE-induced inflammatory cell infiltration was prevented by CC treatment as indicated by H&E staining (Fig. 5f ). These findings supported our hypothesis that AMPK activation plays a critical role in EE-induced cholestasis.
EE induces phosphorylation and nuclear translocation of AMPKα1 rather than AMPKα2
Previous studies have shown that the nuclear translocation of phosphorylated AMPK is important for its biological functions. We first examined whether EE-induced increase of p-AMPK was correlated with its nuclear translocation. As shown in Fig. 6a , EE significantly induced the accumulation of p-AMPK in the nucleus after a 4 h treatment in rat primary hepatocytes. It has been reported that the α subunit of AMPK contains the catalytic domain and determines its kinase activity. Two AMPKα isoforms (α1 and α2) have been identified. The expression Fig. 4 Role of FXR in EEinduced cholestasis. a Rat primary hepatocytes were treated with EE (10 μM) in the presence or absence of the FXR agonist GW4064 (10 μM) for 24 h. b, c Rat primary hepatocytes were transduced with FXR overexpression lentivirus or control lentivirus for 24 h and then treated with EE (10 μM) for 2 or 24 h. b Representative immunoblots against p-AMPK and FXR are shown and normalized with β-Actin. a, c The relative mRNA levels of relative genes were determined by qPCR and normalized using GAPDH as an internal control. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group.
# P < 0.05 versus EE group The relative mRNA levels of relative genes were determined by real-time RT-PCR and normalized using GAPDH as an internal control. e Frozen liver sections of the Bsep and Mrp2 expression. f Representative images of rat liver sections by HE staining. *P < 0.05, **P < 0.01, ***P < 0.001 versus control group, n = 6; # P < 0.05, ## P < 0.01, ### P < 0.001 versus EE group, n = 6 and activation of AMPKα1 and AMPKα2 are differentially regulated under different pathophysiological conditions (Novikova et al. 2015) . In the liver, both AMPKα1 and AMPKα2 are expressed at similar levels. To further determine whether EE-induced AMPK nuclear translocation is isoform-specific, we measured the protein levels for each isoform both in nuclear and cytosolic fractions. As shown in Fig. 6b -c, EE specifically induced nuclear translocation of AMPKα1, but not AMPKα2. To further confirm these observations, we used the EE-induced cholestasis rat model to first measure the mRNA levels for both isoforms. The results indicated that the mRNA level of AMPKα1 was slightly higher than that of AMPKα2 in the liver (Data not shown). Immunofluorescence staining of rat liver sections showed that EE significantly induced AMPKα1 nuclear accumulation, but not AMPKα2 Fig. 6 Effect of EE on subcellular distribution of AMPKα1 and AMPKα2 subunits. a, b, c Primary rat hepatocytes were treated with EE (10 μM) for 4 h. Representative immunoblots against p-AMPK, AMPKα1, AMPKα2, lamin B and β-Actin are shown and normalized with lamin B or β-Actin. d, e Co-localization of AMPKα1 and AMPKα2 (both red) with nuclear (blue) in rat liver after EE treatment for 1 day. f The protein levels of phosphorylated AMPKα1 and AMPKα2 were detected by immunoprecipitation using indicated antibodies, following Western blot analysis against p-AMPK and T-AMPK, and normalized with T-AMPK. **P < 0.01 versus control group, n = 6 1 3 (Fig. 6d, e) . Immunoprecipitation with isoform-specific antibodies further confirmed that EE specifically induced isoform-specific phosphorylation and nuclear translocation of AMPKα1 in cholestatic rat livers (Fig. 6f) . Taken together, these findings suggested that AMPKα1, but not AMPKα2, may be the key player in EE-induced cholestasis.
AMPKα1 knockdown attenuates the EE-induced disruption of bile acid hemostasis
To further define the crucial role of AMPKα1 in EEinduced cholestasis, specific lentiviral shRNAs were constructed to knockdown the expression of AMPKα1 in rat primary hepatocytes. The constructed AMPKα1 shRNA1 Fig. 7 Effect of AMPKα1 knock down on EE-induced cholestasis in rat primary hepatocytes. a Rat primary hepatocytes were transduced with lentivirus shRNA targeting AMPKα1 (α1-shRNA 1-4) or negative control lentivirus (C-shRNA) for 24 h. NT no treatment. b, c, d Rat primary hepatocytes were transduced with lentivirus α1-shRNA or C-shRNA for 24 h. b Cells were then treated with EE for 2 h or c 24 h. Representative immunoblots are shown. d The relative mRNA levels of relative genes were determined by qPCR and normalized using GAPDH as an internal control. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group; # P < 0.05 versus EE group was able to efficiently down-regulate the expression of AMPKα1, but had no effect on AMPKα2 in rat primary hepatocytes (Fig. 7a) . EE-induced increase of p-AMPK and decrease in FXR expression were completely blocked by AMPKα1 shRNA1 (Fig. 7b-c) . Furthermore, EE-induced suppression of FXR and hepatic transporters were also significantly reversed by down-regulation of AMPKα1 expression (Fig. 7d) . In contrast, knockdown of AMPKα2 expression with AMPKα2 shRNA had no effect on EE-induced AMPK activation and suppression of FXR and hepatic transporters (Online Resource Fig. 9 ). These findings further demonstrated that activation of AMPKα1 is responsible for EE-induced cholestasis via down-regulating FXR expression, which further inhibits bile acid transporter expression.
Discussion
Maintenance of hepatocyte bile flow and highly specialized canalicular transporters is crucial to bile acid homeostasis. In cholestatic liver diseases, dysregulation of bile acid transporters responsible for bile acid uptake or efflux is often associated with limitation of bile excretion and disease progression. In the present study, we have identified for the first time that AMPKα1 is an important regulator of the nuclear bile acid sensor FXR and bile acid transporters in EE-induced cholestasis. In both in vitro sandwichcultured rat primary hepatocytes and in vivo cholestatic rats, EE significantly induced the activation and nuclear translocation of AMPKα1, but not AMPKα2. Furthermore, down-regulation of AMPKα1 expression with gene-specific shRNA or inhibition of its activation with specific chemical inhibitor, CC, significantly reduced EE-induced inhibition of FXR expression at both mRNA and protein levels and prevented EE-induced impairment of bile acid homeostasis. Although activation of FXR had no effect on AMPK phosphorylation, overexpression of FXR or activation of FXR with the chemical agonist, GW4064, significantly inhibited EE-induced cholestatic injury.
FXR is a central controller in regulating bile acid enterohepatic circulation. Activation of FXR by bile acids rapidly induces SHP expression in hepatocytes, which in turn leads to transcriptional repression of key genes involved in the synthesis, transport and metabolism of bile acids and lipids (Gonzalez-Sanchez et al. 2015) . AMPK is an important regulator of cellular energy homeostasis in response to changes in the intracellular ADP/ATP ratio, the most sensitive indicator of energy status (Novikova et al. 2015) . Regulation of AMPK activation is mainly implemented by kinase-mediated phosphorylation of its catalytic α-subunit. Three kinases have been identified so far to be responsible for AMPK activation, LKB1, CaMKKβ and TGF-β-activated kinase 1 (Novikova et al. 2015) . Contribution of each upstream kinase to AMPK activation may vary in different tissues and under different physiological and pathological conditions. In vitro studies in rodent primary hepatocytes and in vivo mouse models demonstrated that LKB1-mediated activation of AMPK is required for bile acid-induced canalicular network formation (Homolya et al. 2014) . However, a recent study identified that AMPK subunits directly bind to FXR and phosphorylate the serine 250 residue of FXR, which prevents the loading of coactivator complexes and results in the inhibition of FXR activation (Lien et al. 2014 ). This study indicated that activation of hepatic AMPK selectively repressed FXR-mediated transcription in hepatocytes under the conditions of increased haptic bile acids, such as (pre)cholestatic conditions.
Estrogen-induced cholestasis is one of the most common liver diseases, especially in pregnant women where it is known as intrahepatic cholestasis of pregnancy (ICP). The most common clinical symptoms of ICP include pruritus and jaundice, which are often associated with increased rates of adverse fetal outcomes (Williamson and Geenes 2014) . In ICP patients, hepatic bile acid accumulation associated with dysregulation of bile excretion is correlated with abnormally high estrogen levels (Abu-Hayyeh et al. 2013) . Consistent with the findings from other groups, we found that EE impaired bile acid homeostasis through the down-regulation of specific transporters as well as the suppression of FXR expression in both sandwich-cultured primary rat hepatocytes and a rat cholestasis model. Our current studies further identified that cAMP-ERK1/2-LKB1-induced activation of the AMPKα1 isoform and subsequent nuclear translocation are responsible for EEmediated cholestasis. It has been reported that AMPKα1 is the most common catalytic subunit of AMPK in the liver (Stapleton et al. 1996) . Previous studies reported that FXR activation resulted in AMPK activation (Noh et al. 2011) or induced LKB1 expression (Lee et al. 2012) . The current study showed that EE primarily activated AMPKα1, not AMPKα2. Knockdown of AMPKα1 with specific shRNA or FXR overexpression inhibited EE-induced down-regulation of FXR and hepatic transporters, suggesting AMPK acting as upstream regulator of FXR, but not the reverse. Interestingly, it also has been demonstrated that aberrant activation of AMPKα1 in the nuclei of striatal cells represents a new toxic pathway in Huntington's disease, a neurodegenerative disorder (Ju et al. 2011) .
Among the bile acid transporters regarded as FXR targets, the regulation of Bsep by FXR has been well characterized. Although previous studies have shown that EE down-regulates protein levels of Mrp2, without significant effect on mRNA levels (Trauner et al. 1997) , recent studies indicate that modulation of FXR activity through pharmacological activation and genetic deletion affects the expression of Mrp2 at both mRNA and protein levels. Consistent with our findings, these studies suggest that Mrp2 may be a potential target of FXR (Meng et al. 2015) . Additionally, it also has been reported that, at the early time point of EE injection for 24 h, hepatocyte nuclear factor 1α (HNF1α) was induced significantly, which might contribute to sustained down-regulation of Ntcp and Oatp2 expression (Geier et al. 2003) . However, the expression of Oatp2 and Ntcp was not significantly up-regulated by pretreatment with CC or overexpression of FXR, which indicates other mechanisms might be involved in EE-mediated Oatp2 and Ntcp expression. Interestingly, several studies also showed that a FXR-bound agonist caused repression of HNF4α and, concordantly, Oatp2 (Jung et al. 2007 ). HNF4α also has been shown to directly transactivate the Ntcp promoter (Geier et al. 2008) and decreased HNF4α nuclear binding activity to the HNF1α promoter repressed Ntcp (Jung and Kullak-Ublick 2003) . It is noteworthy that phosphorylation of AMPK induces the down-regulation of FXR expression at the transcriptional level. It also has been demonstrated that AMPK directly phosphorylated HNF4α and induced the inhibition of its transcriptional activity (Chang et al. 2016) . Furthermore, there is complicated cross talk between HNF4α and HNF1α via a direct protein-protein interaction (Eeckhoute et al. 2004) , which inhibits the transactivity of HNF1α on the FXR promoter and subsequently decreases FXR transcription (Liu et al. 2012) . Further study is needed to delineate the exact role of HNF4α and HNF1α in the EE-induced bile acid transporter decrease and AMPK-mediated FXR inhibition.
Recent studies have shown that estrogen also can activate a transmembrane-bound G protein-coupled receptor 30 (GRP30) (Xu et al. 2009 ). Recent work from Zucchetti et al. (2014) demonstrated that activation of the GPR30-AC-PKA signaling pathway is a key factor in estradiol-17β-Dglucuronide (E17G)-induced cholestasis. We also found EE significantly increased cAMP levels in hepatocytes, which may occur through activation of GRP30. Our studies also showed inhibition of GRP30 activation with G15 blocking EE-induced AMPK activation (Online Resource Fig. 6 ). However, chemical inhibitors of PKA (H89) and CaMMKβ (STO-609) failed to inhibit EE-induced activation of AMPK (Online Resource Fig. 2 ). It has been reported that activation of the ER suppressed the transcriptional activity of Fig. 8 Proposed model of EEinduced impairment of bile acid homeostasis. Possible mechanisms underlying AMPKα1 activation via cAMP-ERK1/2-LKB1 signaling pathway in EE-induced cholestasis FXR by direct interaction (Song et al. 2014) . The resistance of EE-induced cholestasis in ER-null mice supported this potential mechanism (Yamamoto et al. 2006) . However, our results showed that EE decreased the expression of FXR via activation of AMPK. Although the nuclear ER antagonist ICI182,780 partially prevented EE-induced down-regulation of bile acid transporters, it had no effect on EE-induced AMPK activation and FXR suppression (Online Resource  Fig. 7 ). This evidence strongly suggests that, in addition to ER-induced inhibition of FXR activity, AMPK-dependent down-regulation of FXR also plays a critical role in EEinduced cholestasis. Over the last decade, a number of studies have shown that bile acid-induced activation of bile acid receptor TGR5 induces an increase of intracellular cAMP in many different types of cells (Stepanov et al. 2013) . However, TGR5 is hardly detected in hepatocytes. Our previous studies also identified that a conjugated bile acid, TCA, induces activation of ERK1/2 via sphingosine-1 phosphate receptor 2 (S1PR2) in hepatocytes (Studer et al. 2012) . Considering the bile acid accumulation including TCA during a cholestasis period, we investigated the role TCA plays in EE-induced AMPK activation. Our results showed that TCA increased the EE-induced phosphorylation of AMPK, which was blocked by chemical antagonist of S1PR2, JTE-013 (data not shown). Whether S1PR2 is also involved in EE-induced cholestasis has not been fully investigated and is our ongoing project.
In summary, our results demonstrated that ERK1/2-LKB1-dependent AMPKα1 activation and nuclear translocation are responsible for the EE-induced suppression of FXR expression and subsequently impairment of bile acid homeostasis via down-regulation of bile acid transporters (Fig. 8) . The inhibition of AMPK or activation of FXR markedly reduced EE-induced cholestasis. Based on our previous studies, EE-induced accumulation of TCA may further activate S1PR2 and induce ERK1/2 activation. Overall, the current study provides novel insight into the pathogenesis of EE-induced cholestasis. Targeting AMPKα1 may represent a potential therapeutic target for ICP and other hormone-induced hepatotoxicity.
